Photocatalytic lithography is demonstrated as an efficient and versatile patterning strategy.
Introduction
Patterning is one of the keywords of contemporary surface engineering. This is especially true for the field of polymer brushes, ensembles of surface-tethered polymer chains, which, due to their high grafting density, maintain a considerably stretched conformation. 1, 2 Their fast response to environmental changes makes polymer brushes the first choice to develop stimuli-responsive coatings. Making patterned polymer brushes with different functionalities (e.g. antifouling features or pH-, ion-, light-and thermo-responsiveness) a dramatic modification of the surface properties can be achieved. Successful examples of such approach include, but are not limited to, self-cleaning surfaces, microfluidic devices, sensors and actuators. [3] [4] [5] [6] [7] [8] Progresses in surface-initiated polymerization (SIP) made the production of patterned polymer brushes a straightforward process in which a pre-patterned initiator monolayer, grafted on the surface, is amplified from a two-dimensional (2D) pattern into a three-dimensional (3D) brush structure by SIP. 9 Such approach is called "grafting-from", as opposed to "grafting-to" which relies on the attachment of pre-made polymer chains, and is nowadays the election method to obtain polymer brushes. Surface-initiated atom transfer radical polymerization (SI-ATRP) is one of the most used SIP techniques, allowing the growth of well-defined brushes under mild conditions. In this technique, a lower-oxidation-state metal (typically copper) complex abstracts a halogen atom from an alkyl halide (typically a secondary or tertiary one) to generate a radical center and in turn is oxidized. The subsequent addition of monomers then starts the chain growth. In activators regenerated by electron transfer (ARGET) ATRP excess reducing agents such as ascorbic acid are used to continuously reduce the oxidized metal complex to its active form: in this way the concentration of metal complex required can be reduced down to ppm amounts. 10 Patterning of surface-grafted initiator molecules can be accomplished using a number of techniques, which can be split in two major groups 11 : additive (e.g. microcontact printing) or subtractive (lithographic techniques). The latter presents many variations 12 , ranging from conventional photolithography to electron/ion beam lithography, scanning probe lithography, nanosphere lithography and photocatalytic lithography. The photocatalytic approach is the core of the present work.
When a photoactive oxide, such as titanium dioxide, is irradiated by photons with higher energy compared the oxide band gap, electron-hole pairs are produced. Electrons are good reducing agents and holes powerful oxidizing agents; both can react with adsorbed molecules (e.g. water and oxygen molecules) leading to formation of highly reactive intermediates, which in turn degrade organic molecules. [13] [14] [15] This is the suggested working principle of photocatalytic lithography, which can be performed both in a "direct" and a "remote" fashion. [16] [17] [18] In direct photocatalytic lithography, as the name suggests, the pattern is obtained directly on the surface of titanium dioxide by irradiation with UV light through a photomask. If the titania surface is covered with an organic monolayer, selective degradation of the latter will be obtained in the UV-exposed zones. Remote photocatalytic lithography, on the other hand, it is based on the migration of photogenerated reactive oxygen species from the titania surface to the surrounding atmosphere, even for distances > 100 μm. As suggested by Kubo et al. 19 , H2O2 molecules, which are generated at the photoactive surface from atmospheric water and oxygen, migrate in the surrounding air and are cleaved to HO 
Materials and methods
All chemicals and solvents were purchased from Sigma-Aldrich and used as received, unless otherwise stated. Inhibitor-free methyl methacrylate (MMA) was prepared by passing it through an inhibitor-remover column and storing at + 4 °C. Silres BS 1701 (Wacker Chemie AG) is a mixture of isomeric octyltriethoxysilanes with iso-octyltriethoxysilane as the main component. The ATRP initiator-bearing silane (3-(2-bromoisobutyramido)propyl)triethoxysilane (BIB-APTES) was prepared and used to functionalize titania and silicon surfaces according to our procedure. [20] [21] [22] [23] .
Titanium dioxide-coated silicon substrates and glass slides were obtained by electrochemicallyassisted deposition as previously reported 24 . TEM grids (Gilder Grids, nickel, d 3.05 mm, square mesh) were used as photomasks 20 . A Jelosil HG500 halogen lamp (230 V, 500 W, effective power density between 280 and 400 nm from a distance of 40 cm: 57.5 mW cm -2 ) was used as a UV source.
Synthesis of silica nanoparticles
Silica nanospheres were synthesized using a previously reported Stöber method 25, 26 The final concentration of the suspension, determined gravimetrically, was 134 mg mL -1 . individual particle diameters were measured for each sample using the ImageJ processing program. 
Particle characterization

Polymer brushes by surface-initiated ARGET ATRP
Generation of positive and negative patterns of polymer brushes by direct photocatalytic lithography
To generate a positive pattern of polymer brushes, BIB-APTES-functionalized titania substrates were exposed to UV light for 1 h using a TEM grid as a contact photomask. The resulting positive pattern was amplified into polymer brushes by the ARGET ATRP of MMA for 4 h. The mean brush thickness, measured on a non-patterned sample was 120 ± 2 nm.
To obtain the corresponding negative pattern, titania substrates were first functionalized with a selfassembled monolayer of alkylsiloxanes via the chemical vapor deposition (CVD) of Silres BS 1701 at 100 °C according to the procedure of Soliveri et al. 27 To generate the pattern, the alkylsiloxanefunctionalized substrate was irradiated with UV light for 1 h through a TEM grid as a contact photomask. The substrate was functionalized with the BIB-APTES initiator and the pattern amplified into polymer brushes as described before (see Scheme 1).
Generation of polymer brushes nanopillars by coupling remote photocatalysis with nanosphere lithography
Particle self-assembled monolayers were obtained by means of spin-coating. The silica particle suspension was diluted with ethanol to a concentration of 1 % m/v. A 0.5 % v/v of α-terpineol was added to improve self-assembly. About 20 μL of the diluted particle suspension were spread on the surface of a BIB-APTES-functionalized silicon substrate and spin-coated (500 rpm, 100 rpm s -1 ,
s).
The substrates were then subjected to remote photocatalytic lithography using the particles monolayer as photomasks. A titania-coated glass slide facing the substrate to be patterned, separated by a 100-μm thick Teflon ® spacer, was irradiated with UV light for 5 h. The particles were then removed by gentle sonication in ethanol, the substrates dried under nitrogen and the obtained pattern amplified with PMMA brushes as described before.
Characterization of the patterns of polymer brushes
Optical microscopy images and high resolution FTIR spectra were acquired with a Nicolet™ iN™10 Infrared Microscope in reflectance mode, using a liquid nitrogen-cooled MCT detector (spectral range 4000-675 cm -1 , resolution 4 cm -1 , aperture 150 x 150 μm). Background (500 scans)
was collected before each sample (1000 scans) from cleaned silicon or titanium dioxide. The acquisition software performed baseline correction automatically. Water contact angle was measured using a Krüss Easy Drop Standard with DSA1 software. A 3 μL-drop of HPLC-grade water was deposited and the contact angle measured after 5 s. Each value is the average of at least three measurements performed on different spots of a same sample. Brush thickness was measured using a Filmetrics F20 reflectometer. Scanning electron microscopy (SEM) was performed using a Jeol JSM 7600f Schottky Field Emission Scanning Electron Microscope. Atomic force microscopy (AFM) pictures were acquired using a SPM Bruker Dimension Icon, in air at room temperature with the Peak Force Tapping technique.
Results and discussion
Positive and negative patterns of polymer brushes obtained using direct photocatalytic lithography
In our previous reports 20- 22 , we described how the positive replicas of a photomask could be amplified as polymer brushes by means of direct photocatalytic lithography (Scheme 1a).
Innovative findings reported here demonstrate how we were able to obtain the corresponding negative pattern using a sacrificial SAM (Scheme 1b). First, alkylsilanes, inert towards ATRP, were grafted on the surface of titanium dioxide in such a way to generate a monolayer, where it acts as a "negative-tone resist", using a term from conventional photolithography. The alkylsiloxane layer was patterned using the direct photocatalytic lithography, or rather, a mask (a Ni TEM grid) was settled down on the sample and we irradiated it for one hour under 365 nm-radiation.
Scheme 1.
Depiction of the processes employed to obtain positive (a) and negative (b) patterns of polymer brushes by direct photocatalytic lithography.
As shown by the FTIR spectrum ( Figure S1 ) and the lowering of the water contact angle from 100° to 0°, the zones which have been UV-exposed are free from organic contamination and are thus prone to be filled with another grafting molecule, i.e. BIB-APTES, an initiator of polymerization.
The corresponding negative pattern made of polymer brushes is successfully achieved by performing SI-ATRP, as judged by optical microscopy ( Figure S2 ) and atomic force microscopy ( Figure 1 ). The quality of the alkylsiloxane layer is of paramount importance for the resolution of the polymer brushes pattern: it must be tightly packed and homogeneous to reduce the risk of spurious polymerization due to the formation of islands during the successive deposition of the BIB-APTES initiator. The chemical vapor deposition (CVD) of Silres BS 1701 proved to be a successful approach. 27 
Coupling remote photocatalysis with nanosphere lithography
One of the main advantages of remote photocatalytic lithography is that it can be performed on virtually any kind of substrate. The patterning agents, the reactive oxygen species generated on a titania surface, diffuse towards the substrate where their action has to be exploited. This allows to experiment with different kind of photomasks, among which the most interesting is a selfassembled layer of micro-or nanospheres like those used to perform nanosphere lithography (NSL).
NSL attracted great interest as a simple, bench-top and materials-general approach to obtain periodic particle nanostructures using ordered arrays of polymer or silica spheres as lithographic and evaporation masks. NSL allows to produce well-ordered 2D periodic arrays of nanostructures from a wide variety of materials (including polymer brushes 28 ) on many substrates. 29 For example, nanosphere lithography has been reported to fabricate nanohole arrays to be used as replication molds for the casting of polymer pillars. 30 These structures have already been exploited for the development of smart surfaces thanks to their peculiar wetting behavior, e.g. to allow easier harvesting of cultured cells. 31 Here, by using a self-assembled monolayer of particles as a photomask, we coupled remote photocatalysis with nanosphere lithography (Scheme 2) and demonstrated not only the scalable formation of polymer brushes pillars but also, more importantly, that remote photocatalytic lithography has the potential to reach nanometer-scale resolution patterns.
Scheme 2.
Coupling remote photocatalysis with nanosphere lithography allows obtaining nanopillars of polymer brushes.
Silica particles (PCS diameter 609 ± 25 nm, SEM diameter 562 ± 16 nm) with very good monodispersity (PdI 0.071, according to PCS) were synthesized and used to assemble the photomask (Figure 2b ).
From the morphological analysis, it can be deduced that, after SI-ATRP, arrays of polymer brushes shaped as conical pillars emerging from a polymer "carpet" are obtained (Figure 2d ,e). According to SEM images, the mean diameter of the polymer pillars is 250 ± 25 nm while the mean linear distance between two adjacent polymer pillars is 268 ± 29 nm, (Figure 2c ).
We hypothesize that this peculiar morphology would originate from an anisotropic, gradient-like etching due to the diffusion of photocatalytically-generated ROS under the particles, and consequently due to lateral oxidation phenomena. 18 According to the mechanism depicted in Figure   2a , the pillars would arise from the zones where the particles actually touch the substrate, efficiently screening the underlying initiator molecules from the etching action of ROS, while the "carpet"
would originate from inter-particle spaces. 
Conclusions
Polymer brushes represent a crucial tool in modern surface chemistry and material science. In this context, the possibility to use selectively activated surfaces to fabricate controlledand scalable patterned polymer brushes has been widely reported to have a strong impact in the next future.
Notwithstanding the high relevance and the proved effectiveness of photocatalytic lithography, just few reports exploit the knowledge of inorganic photocatalysis in the field of polymer brushes. We strongly think that hotocatalysis has much to give to polymer brushes. For this reason, we employed the competences successfully collected in the last years to test the malleability and the limits of this promising approach. In this paper, first we showed how, by adding few simple steps to the classical direct photocatalytic lithography, negative patterns can be easily obtained. Moreover, the combination of nanosphere lithography, remote photocatalysis and polymer brush synthesis enabled the production of highly ordered and tunable nano-sized structures (pillars). The dimension and position of these polymer brush nano-pillars can be adjusted by changing the dimension and shape of the self-assembled particle mask.
We are confident that our results are not only a solid proof of the versatility of photocatalytic lithography as a patterning strategy but can open new concrete possibilities for the development of next-generation nanostructured hybrid surfaces, with two or more different functionalities arranged in a predetermined texture.
